Abstract-Recording of sensory information from afferent fibers can be used as feedback for the closed-loop control of neural prostheses. Clinical applications suggest that recording selectively from various nerve fascicles is important. Current nerve cuff electrodes are generally circular in shape and use a tripolar recording configuration. Preliminary experiments suggest that slowly changing the shape of the nerve to a flatter cross section can improve its selectivity. The objective of this work is to determine the effects of nerve reshaping and other cuff design parameters on the fascicular recording selectivity of a nerve cuff. A finite-element computer model of a multifasciculated nerve with different cuff electrodes was implemented to simulate the recordings. The model included the inhomogeneous and anisotropic properties of peripheral nerves. The recording selectivity was quantified with the use of a Selectivity Index. The results from the model provided information regarding the effect of using monopolar versus tripolar recording configurations, the length of the tripoles in tripolar recordings, the number of contacts that maximize the selectivity index, and the cuff length. Nerve reshaping was found to cause important recording selectivity improvements (106% average). These results provide specific criteria for the design of selectively recording nerve cuff electrodes.
I. INTRODUCTION

N
EURAL prostheses seek to restore function to neurologically impaired individuals by using functional electrical stimulation (FES) in order to electrically activate the nervous system [1] , [28] . Closed-loop control with appropriate sensors can improve the performance of these neural prostheses [3] , [7] . However, the use of artificial sensors to provide feedback signals for this control poses several problems such as: donning and doffing times, frequent calibrations, cosmesis, mechanical reliability and biocompatibility [16] , [24] . Peripheral nerve recordings of the sensory signals contained in afferent fibers can provide information about variables such as pressure, joint angle, muscle force, or length [11] - [13] , [16] , [31] . To reduce problems associated with implanting large numbers of recording electrodes, it is necessary for a single electrode to be able to provide selective recordings.
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fascicles in a nerve are known to migrate and intermingle with each other along the length of the nerve, the anatomical evidence indicates that there still is a considerable degree of fiber localization [4] , [32] , [33] . The localization of fibers coming from a specific branch is usually largest close to the point where the nerve trunk branches [32] . Spatial recording selectivity is based on the fact that signals generated by a localized group of fibers in a nerve will decrease in amplitude as the distance between the recording electrode and the fibers increases. Spatial selectivity can therefore be used to distinguish between active fascicles. Several attempts have been made to achieve fascicular recording selectivity with cylindrical nerve cuff electrodes [8] , [14] , [22] , [30] , [19] and achieved good selectivity. However, nerves are not normally round and preliminary experiments suggest that changing the shape of the nerve to a flatter cross section can improve its stimulation selectivity [35] . This flatter cross section could also improve the recording selectivity by allowing larger differences in the voltage distribution within the cuff. Therefore, the goal of this paper is to determine the effect of nerve reshaping on fascicular recording selectivity. The effect of various parameters such as electrode configuration, length of the electrode and number of recording positions on recording selectivity was quantified with the use of a selectivity index (SI) originally defined by Chen et al. [6] and modified for this analysis. A modeling approach based on finite-element analysis was used in order to take into account the inhomogeneities and anisotropies in the volume conductor.
II. METHODS
1) Selectivity Index (SI): Let vector
be defined as formed with elements, , taken from the peak-to-peak amplitudes (p-pAs) of the recording obtained from contact (out of possible contacts) while fascicle is active (out of possible fascicles), such that vectors in -dimensional space are generated. The voltage is first normalized to the average value of all the contacts to eliminate the effect of contact impedance With the vectors normalized across contacts and fascicles, the Euclidean distance between the th and th vectors is then calculated (1) This distance is normalized as a percentage of the theoretical maximum value obtained when all vectors are orthogonal to each other. The selectivity index for the th fascicle, , is defined as the average distance between vector and all the other vectors. The selectivity index (SI) of the cuff will be the average of the selectivity indexes for each fascicle (2) 2) Model Implementation: Several models of three-dimensional (3-D) multifasciculated nerves surrounded by cuff electrodes with different lengths and cross-sectional geometries were implemented (Fig. 1) . Three different cuff lengths and two cross-sectional geometries were modeled: 1.2-, 2.4-, and 4.8-cm cuff lengths, and circular and flat geometries, respectively. A finite-element modeling software package (Ansys 5.3, Ansys Inc., Canonsburg, PA) was used. The size of the models ranged between 13 396 nodes and 16 976 elements in [16] , [24] . To reduce the number of parameters involved and to facilitate the interpretation of the results, the fascicles were positioned equidistant from each other within the cuff, had a similar round shape and diameter. The effect of fascicle diameter on selectivity was studied separately. By varying the cross-sectional geometry of the model, the following variables were kept constant: minimum distance from fascicle to cuff (this feature determined the amount of flattening of the model); cross-sectional areas of endoneurium, perineurium and epineurium; thickness of encapsulation tissue layer, saline layer and cuff. The cross-sectional perimeters increased in the flat cuff model. The voltage was set at 0 V at the boundary of the saline bath surrounding the nerve and cuff. The sizes of the saline bath and of the longitudinal nerve extrusion were chosen to be large enough so that increasing their size further would have a negligible effect on the recordings [5] .
Each longitudinal node in the endoneurium section of the finite-element model represents a node of Ranvier in a single fiber. Action potentials were simulated as propagating in a single fiber located in the center of the fascicles. An action potential propagating through an axon was modeled as a series of current sources that represent the current flowing through the cell membrane at each node of Ranvier (Fig. 2) . A compartmental cable model with Sweeney active dynamics [17] , [33] , which include the kinetics of a mammalian myelinated axon, was used to simulate the action potential [ Fig. 2(a) ] generated by a 20-m diameter fiber with 2-mm internodal distance. Time steps of 1 s were used in the model. The membrane current waveform obtained with this model agrees with previous experimental [34] and modeling [9] , [20] , [28] results. The current sources simulating the waveform were moved along the endoneurium of the finite-element model at discrete steps that corresponded with the conduction velocity (100 m/s) of the propagating action potential. Monopolar recordings were simulated by measuring the voltage of a contact with respect to the reference. Tripolar recordings were simulated by subtracting the average of the recordings at the two end contacts from the recording at the central contact [ Fig. 3(a) ].
III. RESULTS
Two tripolar ENG recordings obtained from 1.2-and 4.8-cm-long circular models are shown in Fig. 3(c) and (d) , respectively. The locations of the fiber and of the recording position on the inside surface of the cuff are shown in Fig. 3(b) . These waveforms have the same characteristics as single fiber recordings obtained in animal experiments with similar lengths of isolating medium surrounding the nerve [24] : the recorded waveforms are triphasic with the long cuff producing a large third phase and the shorter cuff a small third phase. In the longer cuff, the first and third phase are of similar magnitudes and the second phase is approximately twice as large. The same relationship between the magnitudes of the three phases was obtained experimentally by Stein et al. [24] . The p-pA of the waveforms produced by the model ranged between 0.18 V and 6.59 V, depending on the recording configuration, the distance between the recording position and the active fascicle, the length and shape of the cuff. The peak-to-peak duration of the waveforms produced by the model ranged between 60 s and 240 s, depending on the recording configuration and the length of the cuff. Both the p-pA and the peak-to-peak durations obtained with the model are within the range of values obtained experimentally [14] , [24] .
1) Effect of Contact Distribution:
The effects of tripole length on p-pA and SI are shown in Fig. 4(a) . Longer tripoles yield larger p-pA than shorter tripoles [91% average voltage decrease going from longest to shortest tripole for the cuff shown in Fig. 4(a) ]. However, longer tripoles produce smaller SI values than shorter tripoles [82% average SI value decrease going from shortest to longest tripole for the cuff shown in Fig. 4(a) ]. For a given tripole length, the p-pA are largest for the contact closest to the active fascicle and smallest for the contact farthest from the active fascicle (180 ), as expected. Fig. 4 (a) also shows that the monopolar recordings behave similarly to the longest tripole. They provide large p-pA, but small SI. Monopolar recordings have no advantage over tripolar recordings: they provide worse selectivity than any tripole length while recording similar p-pA than the long tripoles.
The effect of the number of recording positions on the selectivity index is shown in Fig. 4(b) . The figure shows that there is an optimum number of recording positions for maximum selectivity, and that this number depends on the number of fascicles to be distinguished [ Fig. 4(b) ]. To distinguish between five fascicles, the highest SI is obtained by using four recording positions while distinguishing between two fascicles requires only two recording positions.
2) Effect of Cuff Length: For monopolar recordings, increasing the cuff length increased the p-pA but decreased the SI [ Fig. 5(a) ]. That is, changing the length of the cuff in a monopolar recording produces similar effects to changing the length of the tripole in a tripolar recording. Conversely, in tripolar recordings varying the length of the cuff while keeping the tripole length constant causes negligible changes (less than 2%) in both p-pA and SI values [ Fig. 5(b) ].
3) Effect of Nerve Reshaping: Fig. 6(a) shows the average value of the amplitudes at the contacts closest and farthest to the active fascicle for monopolar (M) and tripolar (T) configurations, and 1.2-and 2.4-cm cuff lengths. Changing the cross-sectional geometry of the cuff from circular to flat did not cause significant differences between the average p-pA of the recorded waveforms. However, the amplitude difference from the closest to the farthest contact is always larger for the flat model [see Fig. 6 (b) and the error bars of Fig. 6(a) ]. This difference suggests that the flat cuff has a less homogeneous voltage distribution than the circular cuff. As a result, the SI values obtained from the flat model were always larger than those for the circular model, regardless of the cuff length, the recording configuration used (monopolar or tripolar) or the number of fascicles distinguished [ Fig. 6(c) ]. The average SI improvement obtained with the flat cuff in these different recording simulations was 106%. Distinguishing between four or five fascicles did not make a large difference in the selectivity improvements (103% and 109% improvement for four and five fascicles, respectively).
4) Effect of Fiber Diameter and Perineurium Resistivity:
To analyze the effect of fiber diameter on the recordings, the action potential generated by a 10-m diameter fiber was simulated in a finite-element model of a 1.2-cm-long flat cuff. The results from this simulation showed that the amplitudes of the recordings were on average 71% smaller for a 10-m fiber than for a 20-m fiber in a cuff of the same length. However, the results indicate that the cuff design parameters still have the same general effect on the recordings in this model as in the 20 m diameter fiber models. To investigate the effect of resistivity on the p-pA and SI results, a 2.4-cm-long circular cuff model was implemented where the resistivity of the perineurium was made equal to that of the epineurium (1 m). Similarly, the results obtained from this model showed that the absence of perineurium caused the average p-pA and SI to increase by 36% and 19%, respectively. However, the cuff design parameters still have the same general effect on these recordings as in the models with normal perineurium resistivity used for all other simulations reported above.
IV. DISCUSSION
A finite-element model of an inhomogeneous anisotropic multifasciculated nerve with different cuff geometries has been implemented. The waveform, amplitude and duration of the recordings obtained from this model agree with single fiber recordings from animal experiments [14] , [24] . The simulations performed in this model provide specific criteria for the design of selectively recording nerve cuff electrodes. Several investigators have modeled the extracellular potential generated by a single fiber in a uniform volume conductor, either infinite [9] or restricted by an isolating medium [2] , [19] , [26] , [28] . These models produced extracellular potential waveforms with characteristics similar to our results. In these models, the effect of the length of the isolating medium was also similar to that reported here [ Fig. 3(c) and (d) ]. To the best of our knowledge, there has only been one other attempt at modeling the effect of an action potential in an inhomogeneous anisotropic volume conductor resembling the different tissues in a nerve trunk: endoneurium, perineurium and epineurium [20] . However, this model focused on studying intrafascicular recordings in a unifascicular nerve. Using finite-element analysis software it is possible to implement models that are not radially symmetric and to include complex inhomogeneities known to be present in peripheral nerves.
An unexpected result is that the number of recording positions for the maximum SI value is related to the number of fascicles that are to be distinguished. This optimum number is not always the highest number of recording positions available. Additional recording positions can provide more information increasing the SI but too much information is redundant and can decrease the SI. In clinical applications, it is unrealistic to expect that the contacts will be always close to specific fascicles. Therefore, implanting cuffs with a larger number of recording positions increases the probability that some of those recording positions will be placed directly above a given fascicle. Once the cuff is implanted and the recording positions that are closest to the fascicles are identified, only a certain number of recording positions should be actually used for the SI to be maximized.
The tripole length results indicate that there is a compromise between signal amplitude and selectivity [ Fig. 4(a) ]. Similar relationships between tripole length and recorded amplitude have been reported elsewhere [14] , [22] , [25] . When a recording system provides a satisfactory signal-to-noise ratio (SNR), selectivity can be improved with a shorter tripole length.
The simulation results show that there is a high degree of correlation ( for circular cuffs; for flat cuffs) between the amplitude difference from closest to farthest contact and the recording selectivity [ Fig. 7(a) ]. The normalized amplitude difference from closest to farthest contact was then plotted as a function of tripole length [ Fig. 7(b) ]. This figure shows a linear relationship with a high inverse correlation , and can explain why short tripole recordings are more selective than long tripole recordings.
It has been suggested [28] that the presence of the cuff decreases selectivity because the cuff's isolating medium makes the electric field within it more homogeneous. Our results indicate that the decrease in selectivity observed in longer cuffs is related to the use of a longer tripole and not to the effects of a longer isolating medium surrounding the nerve. A 4.8-cm-long cuff did not have a more homogeneous electric field within it than a 1.2-cm cuff: the difference between maximum and minimum voltages on the surface of the cuff is 1 V in both cases (data not shown). Using a short tripole yielded the same high value of SI independent of the length of the cuff where it was used [ Fig. 5(b) ].
The modeling results also indicate that changing the shape of the nerve by using a cuff with a flatter cross section can double the recording selectivity without decreasing signal amplitude. Chronic experiments with these electrodes implanted on the sciatic nerves of rats for three months have revealed that the reshaping of these nerves can be done with little or no damage [35] . Three types of cuffs applying small, medium or large initial pressure to the nerve were tested. The results show that an electrode that applies only a small amount of pressure can flatten the nerve and the fascicles without any observable histological or physiological damage. Cuffs with higher pressure produced a small amount of demyelination and regeneration. The flat cuff produced similar selectivity improvements while distinguishing between four (103%) or five (109%) fascicles. Hence, the main factor involved in the selectivity improvement is not the fact that the position of the fifth fascicle (which is the central fascicle in the circular cuff model) but rather that the flat cuff produces larger amplitude differences from closest to farthest contact.
Once a cuff has been implanted around a nerve, there still remains the task of predicting which fascicle is active from the recordings obtained at the different recording positions. Christensen et al. [8] used discriminant analysis to identify which cat digit had been mechanically stimulated while selectively recording from the median and ulnar nerves. The results using their cuff design show that identification accuracy is 71-92% and a correlation coefficient of 0.79 between SI and percentage accuracy of identification. Based on these findings, our results suggest that a high percentage of accurate identification is feasible with these cuff designs.
